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PRELIMINARY REPORT ON EXPERIMENTAL INVESTIGATION OF ENGINE 

DYNAMICS AND CONTROLS FOR A 48-WCH RAM-SET ENGINE 

By George Vasu, Clint E. Hart, and William R. Dunbar 

The preliminary results of an experimental investigation of engine 
dynamics and controls for a 48-inch ram-jet engine are presented. The 
investigation was conducted in a free-jet facility at a hch number of 
2.76 and altitudes from 68,000 to 82,000 feet. 

The engine data presented include steady-state performance, indi- 
cia1 response, frequency response, and ignition characteristics. Tran- 
sient and frequency-response data were found to yield approximately the 
same information on the nature of the engine dynamics. The predominant 
engine dynamic characteristic for pressures to fuel flow was dead time, 
with values ranging from 0.018 to 0.053 second for static pressures, de- 
pending primarily on the distance of the pressure tap from the burning 
zone. 

Ignition data are presented for representative fuel-air ratios 
which show that the normal shock overshoots its final position by sev- 
eral feet during ignition transients. 

Four control systems of the same general type but differiog in the 
location of the tap f o r  the controlled pressure were investigated; typ- 
ical data are presented f o r  one of the systems. 
designed to maintain a constant ratio of a diffuser static pressure to a 
reference static pressure on the engine-inlet cone. 
for the one control show that such operation results in very nearly con- 
stant diffuser total-pressure recovery over a range of altitudes. 

A l l  the systems were 

The data preseated 

Data on the engine-control-system response time and percent over- 
shoot to fuel-flow step disturbances are presented for a broad range of 
control settings. All the fuel step disturbances were large enough to 
have placed the engine in the subcritical buzz region without control. 
However, the control response was fast enough for all control settings 
investigated to prevent subcritical operation. 
settings studied, response times from 0.08 to 0.5 second were obtained. 

For the range of control 
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The response time was also found to be essentially independent of dis- 
turbance size for fuel-flow disturbances from 2130 to 4260 pounds per 
hour (13.6 to 27.2 percent of fuel flow at max. recovery). D 

INTRODUCTION 

The role of the ram jet as a propulsion device has become more prom- 
inent in recent years as a result of the emphasis placed on guided mis- 
siles and aircraft that operate at high supersonic Mach numbers. 
der to fully utilize the capabilities of the ram-jet power plant, suit- 
able engine control systems must, of course, be developed. Analyses 
made several years ago at the NACA Lewis laboratory have indicated param- 
eters suitable for ram-jet control and have suggested methods for con- 
trolling the engine using these parameters (refs. 1 and 2). A program 
was also instituted for the experimental investigation of engine dynam- 
ics and control systems on a 16-inch ram-jet engine in the 8- by 6-foot 
supersonic wind tunnel. Some of the results of that research are re- 
ported in references 3 to 5. 

In or- 

More recently, an investigation of engine dynamics and controls for 
a 48-inch ram-jet engine has been made. This investigation was part of 
an over-all program to evaluate the altitude performance of the ram-jet 
engine in a Mach 2.76 free-jet facility. The purpose of the controls 
phase of this program was to determine the dynamics of a large ram-jet 
engine, to obtain detailed information on normal shock movement and gas 
dynamics within the diffuser, and to determine how close to critical re- 
covery controls could operate the engine and still provide satisfactory 
steady-state and dynamic operation for a range of altitudes. 
trol systems investigated were closed-loop diffuser pressure controls 
with altitude and some Mach number compensation. 

The con- 

This preliminary report presents a brief coverage of the data ob- 
tained on the 48-inch ram-jet engine during the engine dynamics and con- 
trols phase. All the data presented herein are for a Mach number of 
2.76, altitudes from 68,000 to 82,000 feet, and an engine-inlet tempera- 
ture of 528O F. 
controls work and information on one of the four control systems inves- 
tigated. 
sponse, frequency response, and ignition characteristics. The controls 
data also cover both steady-state and dynamic performance, and indicate 
the kind of performance to be expected from the type of controls 
investigated. 

The data include engine characteristics pertinent in 

The engine data contain steady-state performance, indicia1 re- 
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The apparatus and instrumentation used in the investigation consist 
of the ram-jet engine, the free-jet facility, an electrohydraulic fuel 
servo system capable of high-frequency performance, instnunentation for 
&panics studies, and an analog computer utilized as a flexible control. 
This equipment is discussed in detail in the following sections. 

Engine 

Diffuser. - A phantom sketch of the diffuser is shown in figure 
l(a). 
cone (22' half-angle) Ferri type-diffus'FfT deSigned for a flight Mach num- 
ber of 2.76. 

The inlet portion was, epgeptfaljLy)re~)216~ segment of a single- 

In order to improve the combustor-inlet velocity profile and to 
avoid flow separation, a screen was installed across one-half of the dif- 
fuser outlet. 
blocked 20 percent of the (half) area. 
are presented in reference 6 .  

This screen comprised a square array of 1/4-inch rods and 
Details on diffuser performance 

A side view of the diffuser indicating the location of transient 
instrumentation is shown in figure l(b). 
dix A . )  
along the top of the innerbody, 2 inches off-center, as shown in the 
cross-sectional sketch of figure l(b). Tap 12 was located at 4:OO 
o'clock looking downstream, and tap 20 was located at the top of the in- 
let cone well forward of the engine inlet. Pickup 14 was connected to a 
total-pressure probe at the station of the cowl lip. 

(Symbols are defined in appen- 
Pressure pickups 1 to 11 were connected to static taps located 

The area variation through the diffuser is shown in figure 2. 

let 
30° 

Combustor. - The transition from the 32-inch-diameter diffuser out- 
to the 48-inch-diameter combustion chamber was accomplished with a 
included-angle conical-diffuser section in which the flameholder and 

the fuel-injection system were mounted. 
chamber from the downstream end of the transition section to the begin- 
ning of the nozzle was 6- feet. The cross section of the combustor is 

shown in figure 3(a), and a cutaway view is shown in figure 3(b). 

The length of the combustion 

1 
2 

Fuel was injected normal to the main air stream by means of simple 
orif ices in sixteen 1/2-inch-diameter radial tubes, equally spaced cir- 
cumferentially, and supplied from a common external manifold. Three 
such systems, consisting of three separate manifolds, each supplying 16 
radial tubes, were installed to facilitate a study of fuel-distribution 
effects on burner performance. The three systems were designated 
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according to location as either upstream, intermediate, or downstream. 
During the controls investigation, fuel was injected through only two of 
the three systems; and the size and location of the orifices in the 
spray bars were designed to give an even fuel distribution, that is, 
equal fuel.flow per unit of area. Figure 3 shows a typical fuel bar in- 
stalled in the combustor. 

The fuel used throughout the investigation was MIL-5624B, grade 
JP-5, with a lower heating value of 18,625 Btu per pound. 

Ignition was achieved through the use of two surface-discharge 
spark plugs located in the pilot annulus. 
the condenser-discharge type was used to supply each plug. 

A separate power system of 

Instrumentation details for the combustor are sham in figure 3(a). 

Information on combustor performance, as well as further details of 
combustor design, is contained in references 7 and 8. 

Exhaust nozzle. - The convergent-divergent exhaust nozzle had a 
throat area 54.6 percent of the combustion-chamber area with a conver- 
gent section of 25' half-angle and a divergent section of 12' half-angle. 
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Facility 

The ram-jet engine was tested in a free-jet facility. The starting 
and performance characteristics of the free-jet facility are reported in 
reference 9. A schematic diagram and cutaway drawing of the engine in- 
stallation in the facility is shown in figures 4(a) and (b), respec- 
tively. 
supersonic nozzle and was accelerated to a Mach number of 2.76. Approx- 
imately 52 percent of the air entered the engine diffuser, while the re- 
maining air passed through the jet diffuser into the facility exhaust 
system. 

Dried and heated air from the facility air system entered'the 

Fuel Servo System 

An electrohydraulic servo system was specially designed to provide 
the fast response required for ram-jet dynamics and controls investiga- 
tions. This system controlled the flow to the upstream set of spray 
bars. The flow to the intermediate set was controlled manually. 
downstream set of spray bars was not used during the controls 
investigation. ) 

(The 

The operation of the fuel servo system is discussed in appendix B. 

i 
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The steady-state performance of the system is shown in figure 5, 
where the fuel flow is shown to be a linear function of servo input 
voltage. 
test program is shown in figure 6, wheke the frequgncy response is pre- 
sented for fuel-valve position to servo input voltage 
flow (fuel nozzle pressure drop) to servo input voltage Aw~,~/AV~, and 
fuel flow to fuel-valve position Awf ,u/AVf. 
characteristic includes the effects of all the necessary piping required 
for the installation. 
plitude response was down less than 20 percent up to approximately 50 
cps. 
suitable for ram-jet dynamics and controls studies. 

The dynamic performance of i%he'qdt$m)as .installed for the 

AVf/AVi, fuel 

The frequency-response 

The phase shift was 180' at 36 cps, and the am- 

The dynamic performance attainable with this system malres it very 

Instrumentation 

Gas-pressure sensors. - For transient pressure measurements, three 
types of variable inductance pickups were used. 
types I, 11, and 111. Type I was characterized by its small size, dia- 
phrag?n construction, high natural frequency, and rather l o w  output volt- 
age. Types I1 and I11 were two models of the same make and were charac- 
terized by twisted-tube construction, high natural frequency, relatively 
high output voltage, and better accuracy (lower drift and better linear- 
ity) than type I. 
jackets to maintain operation within the designed temperature range. 
Connecting tube lengths were kept to a minimum to ensure the fastest 
possible response; the inside diameter of the tubing was 0.040 inch, 
which gives a reasonable amount of damping. 

These were designated 

A l l  pressure pickups were installed in water-cooled 

Typical frequency-response characteristics for pickup types I, 11, 
and I11 are shown in figures 7, 8, and 9, respectively. These data were 
obtained from bench tests of the sinusoidal response of each type trans- 
ducer and associated tubing. For each engine variable measured, the 
type of transducer used and other pertinent information are tabulated in 
table I. For most of the pickups, the tubing length and diameter were 
the same (9 in. of 0.040-in.-I.D. tubing); and for the engine dynamics 
phase all the static-pressure pickups were the same type (type I) e 

the controls phase, where good accuracy (low drift and good linearity) 
is very important, pickups 4, 5, 6, 10, and 20 were changed to either 
type I1 or 111. 

For 

Diffuser pressure recovery was obtained from a total-pressure rake 
at station 653.2. 

Manometers were used for pressure measurements during steady-state 
operation. 
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Fuel-pressure sensors. - An indication of the amount of fuel flow 
. to the engine was obtained by measuring the pressure drop across the or- 

ifices in the spray bars. A resistance, strain-gage, differential pres- 
sure pickup was connected to a line between the manifold and a spray bar 
to measure upstream and intermediate fuel flows. 
referenced to the combustion-chamber air pressure near the spray bars. 
From bench tests the response of the fuel-pressure side of the pickups 
with associated tubing was found to be essentially flat to at least 150 
cps with no measurable phase shift. 

c 

* 

These pickups were 

For steady-state measurements the fuel flow was measured by con- 
necting manometers to indicate the pressure drop across an orifice in 
the fuel line. 

5: 
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Fuel-valve position. - The fuel-valve position was sensed by a l in-  
ear variable differential transformer. The signal was then amplified, 
demodulated, and filtered, giving a d-c signal proportional to the fuel- 
valve position. 

Amplifiers. - The pressure variables were amplified by carrier-type ., 
amplifiers. 
plified with d-c amplifiers. 
1 and 3 of figure 10 and the d-c amplifiers in rack 5. 

Fuel-valve position and fuel servo input voltage were am- 
The carrier amplifiers are shown in racks 

Recording equipment. - A l l  transients were recorded on sensitized 
paper with oscillographs using galvanometers with natural frequencies of 
200 to 500 cps. For monitoring purposes certain variables were also re- 
corded with direct-inking strip-chart recorders. 

The photographic oscillographs are shown in racks 2 and 4 of figure 
10, and the direct-inking recorder in rack 7. 

Conrputer 

For the controls investigation, the necessary computation was per- 
formed by an electronic differential analyzer, which is shown in rack 6 
of figure 10. 
use of high-gain d-c operational amplifiers and associated plug-in in- 
put and feedback impedances. 
the fuel servo control chassis, which is located in rack 5. 

The computer performs the required operations through the 

The output of the computer was feci into 

DESCRIPTION OF CONTROL 

Parameters Used 

For the control systems investigated, static pressures along the 
In order to diffuser innerbody were chosen as the controlpressures. 

d 
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determine the effect of tap location on control performance, four sys- 
tems were investigated, each with a different location of the control 
pressure tap. Stations 502, 517, and 532, which are well forward in 
the diffuser near the minimum-area section (fig. l(b)), were chosen 
for three tap locations. 
signed to place the normal shock at the control pressure tap. 
ject was to try, in succession, control systems using 

~ 5 0 2  
still maintain satisfactory performance. 

The controls using these pressures were de- 
The ob- 

~532, ~517, and 
to see how far forward the nom@ shotlr)qould be positioned and 

' b  * 
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For the fourth control system, a tap location near the diffuser 
Although exit (station 622) was chosen for the controlled pressure. 

this system could be designed to operate the engine over a rather broad 
range, it was set to hold the noma1 shock in about the same position as 
the '532 
system using a pressure near the diffuser exit with those systems using 
pressures well forward (near the inlet). 

control. The object was to compare the performance of this 

Static pressures were chosen because they usually provide a better 
control signal than total pressures. 
disturbances is generally shorter, and the accuracy attainable with a 
single tube is better. 

Their dead time in response to 

In each case the control system was referenced to a static pressure 
well forward on the surface of the inlet cone (station 429). 
erence pressure was chosen primarily because it affords not only alti- 
tude compensation, but also some Mach number compensation. The varia- 
tion with diffuser recovery of the ratio of each of the controlled pres- 
sures to the reference pressure is shown in figure 11. Since ratios are 
involved, the curves generalize for a range of altitudes. 

This ref- 

The circles show the operating points chosen. Each point for pres- 
sures 502, 517, and 532 was somewhat arbitrarily chosen to give operation 
at a pressure midway between the minimum value which would exist at low 
recovery and the maximum attainable during the investigation (at 0.63 
recovery). A convenient method of attaining more rapid responses f o r  
disturbances which would tend to drive the engine subcritical than for 
disturbances in the other direction would be to choose an operating 
point nearer the low end of these characteristics. 
to the control would then be larger for disturbances which increase 
these pressures than for those which decrease them. 

The signal available 

The point shown f o r  p622 gives operation at essentially the same 
recovery as chosen for ~532. This recovery was felt to offer a con- 
siderable margin from the peak recovery to ensure safe operation over a 
range of altitudes and for various disturbances. 

n ,  
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The location of the desired operating point on each of these char- 
acteristics determines the factor that must be applied to the reference 
pressure to give proper control operation. For example, for ~ 5 3 2  the 
point at a ratio of p532/p429 of 3.10 indicates that ~429 must be 
multiplied by 3.10 before it is compared with ~532 in the control. 

t 

Block Diagram of Control 
4 
Ln r- rn The manner in which the controlled and reference pressures were 

connected to the control and then back to the engine through a fuel 
servo is shown in figure 12. 
sensed, then anrplified. In a similar manner the reference pressure was 
sensed and amplified. Before being compared, the controlled and refer- 
ence pressure signals were properly scaled to attain the factor desired 
as indicated previously in figure 11. 
and the error fed to a control. 

At the engine, the controlled pressure was 

The signals were then compared 

In general, a proportional-plus-integral control was used. Pre- 
vious analysis based upon the engine dynamic characteristics indicated 
that this type of control is desirable. 

The output of the control was then connected to the fuel serva 
which, in turn, varied the fuel flow to the engine, thus affecting the 
controlled pressures. 

The details of the circuitry from the outputs of the carrier ampli- 
The electronic differ- fiers to the servo input are shown in figure 13. 

ential analyzer shown in rack 6 of figure 10 was used for this portion 
of the control system. The drift, linearity, and accuracy of the sen- 
sors, amplifiers, and computer portion of the control systems were such 
that errors due to these factors were negligible. The sensors, ampli- 
fiers, and circuitry for the controlled and reference pressures were 
matched as closely as possible so that temperature effects or other mi- 
nor effects on components in the controlled pressure branch would be 
cancelled to a certain extent by the action of the corresponding compo- 
nents in the reference pressure branch. 

PROCEDURE AXTI RANGE OF VARIABUS 

The program for the 48-inch ram-jet engine consisted of two parts, 

The procedure for 
an investigation of engine characteristics pertinent to control design 
and an investigation of the four control systems. 
these two parts of the investigation is discussed in the following two 
sections. 

' n  

4 
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Engine Investigation 

In the engine phase of the investigation, several  types of data 
were taken: 
ances), frequency response, and igni t ion datB.. *., 

steady-state, i nd i c i a l  response (response t o  step disturb- 

~ - *"!',,: , 
* 

Steady s ta te ,  i nd i c i a l  response, and frequency response. - Steady- 
s t a t e ,  indicial-response, and frequency-response data were taken i n  the 
usual manner. Details on the procedure used a r e  discussed i n  some of 
the e a r l i e r  NACA reports  (e.  g., r e f .  3).  

Ignition. - In order t o  obtain ign i t ion  data, f i r s t  the engine- 
inlet  pressure was adjusted t o  give a sa t is factory a l t i t ude  f o r  s t a r t i ng  
the engine. Next, a cer ta in  fue l- a i r  r a t i o  w a s  s e t  up by means of an 
adjustable f u e l  valve. 
fue l  f l o w  w a s  turned of f  by closing a solenoid shut-off valve, leaving 
the main adjustable f u e l  valve s e t  t o  the proper posi t ion f o r  the de- 
s i red fue l  flow. Several minutes were then allowed f o r  the  air t o  clear 
the engine of any excess fue l  t ha t  might have accumulated. Following 
t h i s  purging period, the solenoid shut-off valve w a s  opened, allowing 
the f u e l  flow t o  r i s e  rapidly t o  the preset  value. When the f u e l  f low 
reached the proper value, the igni t ion system w a s  energized, causing the 
fue l  t o  igni te .  After the  engine was l ighted,  the igni t ion was turned 
off .  The oscillograph recorders were turned on j u s t  before the shut-off 
valves were opened, and turned off after the ign i t ion  t ransient  s e t t l ed  
out. Ignit ion data were taken a t  increasingly r icher  fuel- air  r a t i o s  
u n t i l  f i n a l l y  the normal shock w a s  expelled from the d i f fuser  on the 
l a s t  t ransient .  

After the proper fue l- a i r  r a t i o  w a s  s e t ,  the 

Controls Investigation 

Steady s t a t e .  - The f i r s t  phase of the controls invest igation con- 
s i s ted  of operating the control i n  steady s t a t e  over a range of a l t i -  
tudes. The procedure used t o  accomplish t h i s  follows. F i r s t ,  sensors, 
amplifiers, computer, and s o  fo r th ,  had been previously cal ibrated and 
the proper se t t ings  f o r  the control were inserted.  Next, a sui table  al- 
t i tude  f o r  ign i t ion  of the engine w a s  s e t ,  and the engine w a s  l ighted 
with the f u e l  f low s e t  manually. A s  soon as  the  engine ignited, the 
fue l  f l o w  w a s  s e t  somewhere near the control point,  and the  control was 
switched t o  automatic. The control then automatically increased the 
fue l  flow t o  the proper value for the control point.  

Once on automatic control,  the a l t i t ude  w a s  varied m e r  the com- 
p le t e  range t o  check the steady-state performance of the system. 

Dynamics. - The next phase of the controls invest igation w a s  t o  add 
a step voltage t o  the f u e l  servo input t o  determine the t ransient  re- 
sponse of the  system. The procedure w a s  f irst  t o  s e t  a par t i cu la r  

f 
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altitude. 
troduced. The recorders were turned on just prior to the step and turned 
off after the control system settled out. With a fixed magnitude of 
disturbance, a series of such disturbances were introduced with differ- 
ent control settings for each transient. 

"nee the altitude was set, then the step dAsturbance was in- 

After determining the response of the system for different control 
settings, another series of transients were run with fixed control set- 
tings and various magnitudes of disturbance. And, finally, the effect 
of altitude on response was determined by introducing a disturbance of a 
given size at each of several altitudes. 

Range of Variables 

All the data presented herein are for a Mach number of 2.76 and al- 
titudes from 68,000 to 82,000 feet. 
at approximately 528' F. 

Engine-inlet temperature was held 

FZXZTS AMD DISCUSSION 

The results of this investigation are discussed in two sections. 
First, some of the engine characteristics of significance in control 
systems are discussed. These include steady-state performance, transi- 
ent performance, frequency response, and ignition characteristics. After 
the general behaxiour of the engine has been established, the perform- 
ance of one of the control systems for the engine is discussed. The 
data for the one control indicate the general type of performance of all 
four systems. 

Engine Characteristics 

Steady-state performance. - The region in which the engine was op- 
The figure shows the erated in steady state is indicated in figure 14. 

variation of diffuser pressure recovery with actual and ideal (100- 
percent burner efficiency) fuel-air ratios for several altitudes. 
given recovery, a somewhat greater fuel-air ratio is required as alti- 
tude increases. 

For a 

At high recoveries, slight variations in facility or engine condi- 
tions could cause the normal shock within the engine to be expelled, re- 
sulting in a breakdown of the supersonic f l o w  to the engine. Since re- 
establishment of the supersonic flow caused some delay, operation above 
a pressure recovery of 0.62 was limited. Some data were obtained in 
this range, however, up to a maximum recovery of approximately 0.63. 
The curve of ideal fuel-air ratio permits the other data presented herein 
to be interpreted in terms of different burner configurations. 

A 
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Transient performance. - A typ ica l  response of the engine t o  a step 
increase i n  fue l  flow i s  shown in,f '  The responses shown are 
f o r  an i n i t i a l  recovery of 0.58'3€i, '~&l*rpe'overy of 0.6125, and an 
a l t i t ude  of 82,000 f ee t .  Since t w o  recorders were used, the variables 
f o r  the first  recorder a r e  shown i n  f igure  15(a) and those f o r  the sec- 
ond recorder i n  f igure  15(b) .  
synchronizing trace,  which permits the time scales of the two records t o  
be correlated. I n  addition, the second t race  from the top of each re- 
cord i s  f u e l  servo input voltage, which was applied t o  both records t o  
es tabl ish  accurately the time a t  which the disturbance w a s  imposed. 
t races  shown i n  f igure  15(a)  a r e  labeled on the f igure.  

e 15. 

A t  the top of each of the f igures  is  a 

A l l  

The t races  shown i n  f igure  15(b),  from top t o  bottom, are  recorder 
synchronizing trace,  f u e l  servo input voltage, and eight d i f fuser  inner- 
body s ta t ic  pressures (pll t o  p4). These taps were spaced along the 
innerbody, a s  shown i n  f igure l ( b )  , pll being near the e x i t  of the  di f -  
fuser  and p4 being forward i n  the  di f fuser  near the throat .  A l l  the 

l i ne s  a re  0.01 second apart .  

d 

J t races  move upward f o r  an increase i n  the variables,  and the ve r t i ca l  

> 
4 
I 

> "  

After the step increase i n  fue l  servo input: voltage was introduced 
(point A), a l i t t l e  l e s s  than 0.01 second elapsed before the f u e l  flow 
responded (point B ) .  
the i n s t a l l a t i on  of the fue l  system, this was about as f a s t  a response 
as could be obtained. After the f u e l  f low s ta r ted  t o  change, it took 
about another 0.01 second f o r  the fuel-flow response t o  first reach the 
f i n a l  value (point C )  . 

With the length of tubing and manifold required i n  

The pressure responses t o  the fuel-flow disturbance f a l l  i n to  three 
categories, depending on the location of the n o m  shock with respect 
t o  the par t i cu la r  pressure tap. 
those taps which remain i n  the subsonic region behind the normal shock 
throughout the t ransient ,  ( 2 )  those taps which a r e  passed by the n o m 1  
shock during the t ransient ,  and (3) those taps which remain i n  the su- 
personic region ahead of the normal shock throughout the transient .  

The three categories consist of (1) 

I n  f igure 15(a) a l l  the pressure responses f a l l  i n to  the first  cat- 
egory ( taps  always subsonic). I n  f igure  15(b) ,  pll t o  pg f a l l  i n to  
the first  category, p8 t o  p5 fa= in to  the second category ( taps  
passed by normal shock), and 
ond and th i rd  categories. 

p4 i s  a borderline case between the sec- 

The normal-shock location a t  the  beginning of the t ransient  is be- 
tween taps 8 and 9, as indicated by the difference i n  noise l eve l  a t  the 
beginning of these t races .  A t  the end of the transient ,  the normal 
shock has j u s t  begun t o  a f fec t  p4, as indicated by the pressure fluctu- 
at ions a t  points  H t o  J. i. 

i 
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The first  port ion of each pressure response consists  of a small in- 
t e rva l  of dead time during which no change occurs. For example, burner- 

d 

e x i t  t o t a l  pressure P16 
f u e l  flow of approximately 0.012 second. 

ample, responds a t  point  E, giving a dead time t o  f u e l  flow of 0.031 
se c ond . 

responds a t  point D, giving a dead time t o  
I n  f igure  15(b), pg, f o r  ex- 

I n  the second category, pa and p5 respond a t  points  F and G, re- 
spectively. The time in te rva l  from the fuel-flow change t o  these points  
i s  not the  dead time which is s ignif icant  i n  s t a b i l i t y  studies of con- 
t r o l  systems, however, but i s  a longer period of time. This longer pe- 
riod of time is  composed of the time from the f u e l  disturbance u n t i l  the 
shock starts t o  move from its steady-state posi t ion plus the time fo r  
the normal shock t o  move from i t s  i n i t i a l  posi t ion t o  the tap of in te r-  
e s t .  This shock t rave l  time i s  longer than the time required f o r  a 
pressure wave t o  t r ave l  the same distance against subsonic flow. 

E! 
r- 
M 

Although t h i s  shock passage time i s  not of primary significance i n  
s t a b i l i t y  studies of control systems, it i s  very s ignif icant  i n  another 
respect.  For example, i f  a disturbance occurred e i t he r  in te rna l  o r  ex- 
t e rna l  t o  the engine, the speed a t  which the shock moves from i t s  steady- 
s t a t e  location t o  the cowl l i p  w i l l  determine t o  a large  extent how f a s t  
the control must be t o  prevent subcr i t i ca l  operation. Since the shock 
i s  moving upstream i n  t h i s  case, and since the a i r  i n  the forward por- 
t i o n  of the di f fuser  i s  moving downstream a t  a high (supersonic) Mach 
number, a re la t ive ly  long time i s  required f o r  the shock t o  move a given 
distance. The t race  of p5 i n  f igure 15(b) shows over 0.1 second f o r  
the shock t o  pass t ha t  tap (point G ) .  I n  view of t h i s ,  an i n l e t  with a 
slowly varying area near the cowl l i p  would be advantageous. With such 
a design, a control could hold the normal shock some distance downstream 
of the cowl l i p  with only a re la t ive ly  small l o s s  i n  pressure recovery. 
The longer distance between the steady-state posi t ion of the normal 
shock and the cowl l i p  would then provide addit ional  time f o r  the con- 
t r o l  t o  respond. 

An i n l e t  with in te rna l  contraction inherently provides some addi- 
t i ona l  length as  a r e su l t  of the d i f fuser  section between the cowl l i p  
and the throat .  Diffusers with slowly varying areas near the i n l e t  have 
been recommended f o r  other reasons. Reference 10 indicates the desira-  
b i l i t y  of a long-throated d i f fuser  for improving d i f fuser  s t ab i l i t y .  

The th i rd  category includes those taps which remain i n  th.e super- 
sonic region throughout the t ransient .  The pressures f o r  such tap lo-  
cations would show no change during the t ransient .  A s  mentioned previ-  

being a borderline case, shows some fluctuations.  
p4' 

ously, 
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A f t e r  the i n i t i a l  dead time, the type of response that occurred f o r  
those taps i n  the subsonic region was.of-elth&c-ea)lag or lead- lag form. 
In  f igure  15(a) the  response of bu&&-ekit ?k%al'pressure Pi6 t o  f u e l  
flow, f o r  example, i s  a l a g  type. Most of the other response t races  for 

pressure taps  i n  the  subsonic region are of the  lead-lag type. A good 
example of t h i s  l a t t e r  type of response is  pg ( f i g .  15(b)) .  

The pressure responses f o r  taps which a re  passed by the normal shock 
bl during the t rans ient  are of a d i f fe ren t  nature. A f t e r  the i n i t i a l  in ter-  
en v a l  i n  which no response occurs, the type of response var ies  considerably 
-4 

I-' (see traces pa t o  p5). 

P 

The shape of the i n i t i a l  port ion of the response i s  affected by the 
p rof i l e  of the normal shock as it passes the given tap and by the speed 
a t  which the shock moves past- a given tap. The combination of these two 
things w i l l  determine the steepness of the f i rs t  p a r t  of the response. 
The p ro f i l e  across the normal shock as seen by a tap on the surface of 
the innerbody i s  f o r  the most pa r t  a boundary-layer shock in teract ion ef-  
f e c t .  Once the shock has passed the tap, then the  remainder of the re-  
sponse i s  similar  t o  the l as t  port ion of the  responses f o r  subsonic taps 
since now these taps  (p8 t o  p5) a r e  a l so  subsonic. 

Pressure responses f o r  a step decrease i n  f u e l  flow with an i n i t i a l  
recovery of 0.6125 and a f i n a l  recovery of 0.5835 a re  shown i n  figure 
16.  The same variables as were presented i n  f igure  15 a re  shown i n  t h i s  
f igure.  
available i n  the high-recovery range with a good signal-to-noise r a t i o .  

These f igures  were chosen because they are the  smallest s teps 

For a s tep  decrease i n  f u e l  flow, the responses again f a l l  i n to  the 
three categories: pressure tap always subsonic, pressure tap passed by 
normal shock, and pressure tap always supersonic. 

A comparison of the t races  (PI6 t o  pg) f o r  taps which a re  always 
subsonic shows t ha t  the responses f o r  s tep increases and decreases are 
very similar. Other pressure responses (pa t o  p4), however, a re  con- 
siderably d i f fe ren t  f o r  step decreases than f o r  s tep increases. F i r s t ,  
the i n i t i a l  port ion of time that elapses before these pressures (p8 t o  

'p4)  respond t o  the fuel-flow change i s  a shorter  dead time, because these 
taps are i n  the subsonic region a t  the  beginning of the t rans ient .  Next, 
the shape of the pressure responses a f t e r  t h i s  dead time i s  d i f fe ren t  
f o r  each tap location and i s  d i f fe ren t  than it w a s  f o r  the step increase. 
Again, the shape of the response i s  determined by the shock p ro f i l e  and 
speed as it passes these taps. In  t h i s  case, however, the  shock starts 
out near p4 and set t les  out between p8 and pg; whereas, f o r  the 
step increase, it moves i n  the  reverse direct ion.  After the step de- 
crease, the shock slows-down as it approaches i t s  f i n a l  posi t ion.  A s  a 
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result, the response of for example, is more gradual than it is for 
the step increase. 
tion of the shock, and for the step increase it is near the initial po- 
sition. Since the combination of shock profile and speed'varies from 
tap to tap, and with the direction of the step, the responses for taps 
which are crossed by the shock vary considerably. 

For the step decrease, p8 is near the finalposi- 

The dead times from a series of transients such as shown in figures 
15 and 16 were read and plotted as a function of distance in figure 17. 
The solid data points are for a step increase. These data tend to fall 
below the other data points, which are all for step decreases in fuel 
flow. The dead time varies from approximately 0.018 second for burner- 
exit static pressure pi3 to 0.053 second at p5. The data include sev- 
eral step sizes at two different altitudes and are for static pressures 
only. Note that the initial conditions are different for the step in- 
crease than for any of the step decreases. This difference in initial 
conditions may account for part of the difference between the dead time 
for the step increase and the dead times for the step decreases. 
the step increases most of the data fall within13 milliseconds of the 
line faired through the data points. This line curves upward for sta- 
tions nearer the inlet, indicating that the pressure disturbance travels 
slower as it moves forward in the diffuser. 

For 

The slope of the curve in figure 17 represents the rate of propaga- 
tion or velocity of the pressure disturbance between diffuser stations. 
Between the burner inlet and exit, however, the slope does not represent 
the rate of propagation, since the source of the disturbance is between 
these stations. 

The slope of the curve in figure 17 is presented in figure 18 for 
the diffuser portion. 
of propagation is U S 0  feet per second. Well forward in the diffuser at 
the location of one of the control pressure taps 
agation is 235 feet per second or approximately one-fifth of that at the 
diffuser exit. The shape of the curve of figure 18 is related to the air 
velocities as determined by the diffuser-area variation (fig. 2). 

At the diffuser exit p12, for example, the rate 

p6, the rate of prop- 

Frequency response. - The results of the frequency-response inves- 
This figure shows the amplitude ratio tigation are shown in figure 19. 

as a function of frequency in figure 19(a) and the phase shift against 
frequency in figure 19(b). 
pressure P16, burner-entrance total pressure P15, and three diffuser 

Data are presented for burner-exit total 

static pressures (plz to plo). 

The amplitude-ratio - frequency curves for total pressures attenuate 
similar to a first-order lag. 
frequency characteristics for static pressures can be approximated by 
either a single or several lead-lag functions, depending on the accuracy 
of approximation desired. 

On the other hand, the amplitude-ratio - 

1 
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The phase characteristics show the large amo-htlt ofphase shift, 
which is typical of dead time. 
the frequency for 180' phase shift (which is significant to control op- 
eration) is nearly the same as would be obtained by a calculation of 
this frequency for values of dead time shown in figure 17. 

In addition, for the static pressures, 

Ignition characteristics. - During the course of the dynamics in- 
vestigation, it was found that upon ignition the response of engine pres- 

DJ sures was considerably different than that obtained to fuel-flow disturb- 
CJl ances after the engine was ignited. P 

noma1 shock would overshoot its final position. 
transient is shown in figure 20. The propagation of the pressure dis- 
turbance upstream from the burner can be traced by noting the time at 
which each pressure starts to change (points A, B, C, etc.). In figure 
2O(b), a dashed line has been sketched to indicate the approximate path 
of the shock during the transient. 

-4 
During all ignition transients the 

A typical ignition 

It is interesting to note that p2 
is affected by the shock and that the shock finally settles out some- 
where between taps 4 and 5. This indicates that the amount of over- 
shoot for the shock was approximately 3 feet. 
was for a fuel-air ratio of 0.0515, which was approximately the richest 
fuel-air ratio at which ignition was possible without expelling the nor- 
mal shock from the diffuser during the transient. 

This ignition translent 

A series of ignition transients were run at other fuel-air ratios. 
The results of these transients are shown in figure 21. This figure 
shows the variation of diffuser pressure recovery with fuel-air ratio 
for steady-state operation. For fuel-air ratios up to approximately 
0.052, the normal shock remainedwithin the diffuser during ignition 
transients (including the overshoot). 
and 0.055 the normal shock was expelled from the engine during ignition 
transients. 

For fuel-air ratios between 0.052 

Expulsion of the normal shock from the engine diffuser interfered 
with the supersonic flow from the free-jet nozzle in front of the engine. 
A s  a result, the normal shock did not return as would be expected in 
flight. 
pelled from the aiffuser even in steady state. 

For fuel-air ratios above 0.055, the normal shock would be ex- 

The data shown in figure Zl'indicate that, even though the shock 
overshoots several feet during the ignition transient, successful igni- 
tion (without expelling the shock) was possible at fairly rich fuel-air 
ratios. 

Control-System Characteristics 

- Steady-state performance. - Normally, the settings (p,, p, 
carrier amplifier gains, fig. 13) which determine the operating point 

and the 
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were made at static sea-level conditions from calibration information 
and were not changed during the time the facility and engine were 
started and operated. 

.. 
Once the engine was switched over to automatic control, the system 

was then operated over a range of altitudes to determine whether the con- 
trol was operating satisfactorily in steady state. The type of perform- 
ance attained is illustrated in figure 22, where the control operating 
line is superimposed on the-engine characteristics. The engine charac- 
teristics shown are the variation of control pressure for one tap loca- 
tion ~ 5 3 2  with diffuser pressure recovery over a range of altitudes. 

L 

The control actually is designed to hold a constant ratio of con- 
trolled to reference pressure (p532/p429 = 3.10). Operation at a con- 

stant ratio of controlled to reference pressure results in a deviation 
in total-pressure recovery of approximately 0.003 from a recovery of 
0.612. This is approximately a 0.5-percent variation. Since the devi- 
ation in pressure recovery is so small, it is difficult to determine 
whether it is due to imperfect generalization of the control character- 
istics (fig. ll), whether it is due to small leakages in lines and con- 
nections to the pressure sensors, or whether the major portion of the 
deviation can just be attributed to errors in the measurement of the val- 
ues of the various pressures in steady state with manometers. 

* 

Dynamic performance. - For the first part of the dynamics study, 
the magnitude of the fuel step disturbance was held constant and differ- 
ent combinations of loop gain and integrator time constant were used for 
each transient. 
sients'were then read from the oscillograph records. 
was defined as the time from the disturbance until the transient first 
completed 90 percent of its response. 
fuel servo input, fuel-valve position, or fuel-flow trace. It was not 
read on the controlled pressure traces because the relation between the 
controlled pressures and fuel flow is nonlinear. 
diffuser pressure recoveries), no change in controlled pressure occurs 
over a wide range of fuel flows (fig. 11). 
would make the data more difficult to interpret if response time were 
measured on the controlled pressure trace. 

Response times and the percent overshoot for the tran- 
The response time 

This time was measured on the 

At low fuel flows (and 

This "saturation" effect 

The percent overshoot was measured on the same traces as response 
time and was defined as the percent of the first overshoot with respect 
to the disturbance magnitude. 

The variation of response time as a function of integrator time 
constant is shown in figure 23 for several values of loop gain and an 
altitude of 68,000 feet. Figure 23(a) is for a step increase in fuel 
flow of 2130 pounds per hour (13.6 percent of fuel flow at max. recov- 
ery), and figure 23(b) is for a step decrease in fuel flaw of the same 8 
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amount for the same controller settings. The 
log paper to permit easier visualization over 
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data are plotted on semi- 
a wide range of settings. 

The variation of percent overshoot with integrator time constant 
for the same series of transients (same engine and control conditions) 
is shown in figure 24(a) for a step increase and in figure 24(b) for a 
step decrease of the same magnitude (13.6 percent). 
respond to figures 23(a) and (b), respectivelx. 

A s  integrator time constait is decreased (for a constant loop gain), 
response time decreases and percent overshoot increases. 
integrator time constant, an increase in loop gain decreases the response 
time and increases the percent overshoot. 
and are typical of all four systems. 
ures 23 and 24 also show the values of loop gain and time constant needed 
to attain minimum response times with specified mounts of overshoot. 

These figures cor- 

8e.e8*eb4 $ 3 , .  
. I )  

For a given 

These trends are as expected 
In addition to these trends, fig- 

For all the data in figures 23 and 24, the fuel steps were large 
enough to have placed the engine in the subcritical buzz region without 
control. However, the control action was fast enough for all control 
settings investigated to prevent subcritical operation. 
of the step disturbance was 13.6 percent as compared with an increase of 
12.3 percent needed to reach critical recovery in steady state. 

The magnitude 

The minimum response time attained was 0.08 second and the maximum 
was 0.5 second. 

Effect of disturbance magnitude on response. - A pair of values of 
loop gain and time constant was chosen during the investigation which 
gave a fast stable response. 
gain = 0.710, T = 0.035 sec), the system was then subjected to a series 
of disturbances of different magnitudes. Figure 25 shows that response 
time varies very little with the magnitude of the disturbance for step 
sizes from 2130 to 4260 pounds per hour (13.6 to 27.2 percent of fuel 
f l o w  at max. recovery). Furthermore, no subcritical operation occurred 
during any of the transients even though the magnitude of the disturb- 
ance was large enough to place the engine well into the subcritical re- 
gion in steady state. 

With the control set at these values (loop 

Effect of altitude on response. - The effect of altitude on response 
time is shown in figure 26. The figure indicates that altitude effect is 
rather s m a l l  for the step decreases in fuel flow, but that for increasing 
fuel-flow steps the response time increases as altitude increases. 

CONCLUDING REMARKS 

The results of the investigation of engine dynamics reveal 
predominant dynamic form of the response of engine pressures to 

that the 
fuel flow 
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is dead time. For static pressures this dead time varied from 0.018 to 
0.053 second, depending primarily on the location of the pressure tap. 
Furthermore, transient and frequency-response data gave nominally the 
same value for dead time. 

w 

Secondary dynamic characteristics (lag or lead-lag) were also con- 
sistent for transient and frequency-response data. 

It was found that the response of pressures during ignition tran- 
sients was different than the response obtained to step disturbances in 
fuel flow after the engine was ignited. Of particular interest is the 
fact that during all ignition transients the n o m 1  shock overshot its 
final steady-state position by several feet (3 ft for transient shown). 

All four of the control systems investigated were designed to hold 
a constant ratio of a particular diffuser static pressure to the refer- 
ence pressure on the inlet-cone surface. Holding that ratio constant re- 
sulted in very nearly constant diffuser total-pressure recovery over a 
range of altitudes. Typical data presented for 
cated a possible variation in pressure recovery 
percent. 

control also 
times as short as 0.08 second were attainable. 
time was found to be essentially independent of 

53 2 Data presented for the p 

control indi- the p532 
of approximately 0.5 

showed that response 
Furthermore, response 
disturbance size for 

fuel-flow step sizes from 2130 to 4260 pounds per hour (13.6 to 27.2 per- 
cent of fuel flow at max. recovery). 

A l l  the fuel step disturbances were large enough to have placed the 
engine in the subcritical buzz region without control. However, the con- 
trol response was fast enough for all control Settings investigated to 
prevent subcritical operation. The range of control settings studied 
gave response times from 0.08 to 0.5 second. 

The data for the p532 control is indicative of the performance to 

be expected from the type of controls investigated. 

Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, Ohio, October 17, 1955 
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APPENDIX A 

SYMBOLS 

fuel-air ratio . * ”  * e -  * * *  . a r  

f/a 
a e .  P total pressure, lb/sq in. 

w 
-.I cn 
I-‘ 

41 

P 
2 

n 

a- 

P static pressure, lb/sq in. 

R resistance 

error voltage, Y Ve 

Vf fuel-valve-position feedback voltage, v 

Vi 

wa air flow, lb/sec 

fuel servo input voltage, v 

Wf fuel flow, lb/hr 

Wf, i fuel flow to intermediate spray bars, lb/hr 

fuel flow to upstream spray bars, lb/hr f,u W 

P potentiometer setting (gain) 

7; time constant 

Subscripts : 

0 

1 to 16,ZO 

12 

13 

14 

15 

16 

20 

19 

free-stream 

location of pressure taps and probes connected to transient 
instrumentation (figs. l(b) and 3(b)) 

diffuser exit or burner entrance 

burner exit 

diffuser inlet 

burner inlet 

burner exit 

inlet cone 
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FUEL SERVO SYSTEM 

An electrohydraulic servo system was specially designed to provide 
the fast response required for ram-jet dynamics and controls investiga- 
tions. This system controlled the flow to the upstream set of spray 
bars. The flow to the intermediate set was controlled manually. (The 

rl 
Lo r- 
M 

downstream set of spray bars was not used during the 
i nve s t i ga t ion. ) 

controls 

The electrohydraulic servo system is shown schematically in figure 
27. The system positions a fuel metering valve in response to an input 
voltage signal in the following manner: The input voltage Vi is com- 
pared with a valve-position feedback voltage Vf, and the difference or 
error is amplified by a d-c amplifier. 
fed into a torque motor which moves the pistons of a pilot valve, port- 
ing high-pressure hydraulic fluid to the appropriate side of a hydraulic 
throttle servo. The position of the throttle is sensed by a differen- c 

tial transformer-type position transducer energized by an oscillator. 
The output signal of the transducer is amplified, demodulated, and fil- 
tered, giving the position feedback voltage. The system was designed to .N 

give a linear relation between input voltage and throttle position. 
principles used in the design of the throttle servo are described in 
reference 11. 

The output of the amplifier is 

The 

The fuel metering valve incorporates a fast-acting differential re- 
lief valve which maintains a constant pressure differential across a 
metering orifice. Fuel flow, therefore, varies linearly with throttle 
position. 
and stability according to the method described in reference 12. 

The differential relief valve wasdesigned for fast response 
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p14 I 456-69 ~ 

Measured 
variable 

p1 

p2 

p3 

Station, 
in. 

456.69 

476.50 

487.00 

0 A 5  

0 k15 

0 &5 
0 &lo 

0 t15  
0 s o  

9 

9 

9 
9 

9 
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TABLE I - - PRESSURE-PICKUP INSTALLATION 

RECORD FOR 48-INCH RAM-JET ENGINE 

Pickup 
range, 

lb/sq in .  

Picku] ~1 type 
Tu1 

Length 
in. in .  I 

0 d15 I 9 0.040 I I 

0.040 I I 
t I 

p4 I 502.00 

P5 1 517.00 0.040 

P 

9 
9 

0.040 
.040 ~ I"I p6 I 532-00 

0 1t15 
0 k15 

0 &I-5 

0 A 5  

1 547.00 p7 9 0.040 1 I 

I 562.00 p8 9 0.040 

0.040 Pg I 591.35 0 k15 9 

0 k15 
0 ~ 1 5  

9 
9 

0.040 
.040 1 11 plo I 622*oo 

pll 1 653.15 0.040 1 I 

~ 

I11 

1 676.50 p12 

o a 5  I 9 P13 I 792.00 

429.00 
p20 1 0 It15 O a 5  I 

0 &I-5 
0 k15 

9 
9 

0 a 0  
0 k15 

9.5 
9.5 

653.15 

792.00 

0.040 
.040 

0.040 
.040 

0 ;t15 
0 k l 5  

23.75 
23.75 

i 
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(b) Cutaway view. 

Figure 3. - Concluded. 48- Inch r a m-  jet combustor. 
h 
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Integrator time constant, T, sec 

(a) Step increase i n  f u e l  flow of 2130 pounds per how. 
Figure 24. - Effect  of in tegrator  time constant on percent overshoot f o r  various 

loop gains. Controlled pressure , p532; a l t i tude ,  68,000 feet; air  flow, 80 

pounds per secondj engine gain, O.O9O(lb sq ft)/(lb/hr); free-stream Mach num- 
ber, 2.76; engine- inlet temperature, 520 b F. 
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In tegra tor  t i m e  constant, 7 ,  see 

(b) Step decrease i n  f u e l  f l a w  of 2130 pounds per hour. 

Controlled pressure, p532; a l t i t ude ,  68,000 f e e t ;  air flow, 80 pounds per 
Figure 24. - Concluded. Effec t  of in tegra tor  time constant on percent overshoot f o r  various 

loop gains. 
hour; engine gain  
temperature, 528°F. 

O.O9O(lb/sq f t ) / ( l b /h r ) ;  f ree- s t re& Mach number, 2.76; engine- inlet  
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64,000 88,000 72,000 76,000 80,000 84,000 Altitude, f t  
1 I 1 

60 50 40 80 70 
Air flow, wa, lb/sec 

Figure 26. - Effect  of a l t i tude on response time f o r  constant 
control  settings. Controlled pressure, ~ 5 3 2 ;  air flow, 80 
pounds per second; loop gain, 0.710; engine gain, 0.090 
(lb/sq f t ) / ( lb /hr) ;  in tegrator  time constant, 0.0525 second; 
s t ep  s ize ,  0.0074 i n  fue l -a i r  ra t io ;  free-stream Mach num- 
ber, 2.76; engine- inlet temperature, 5 2 8 O  F. 



NACA RM E55Jl2 3 1  

i 
1 

NACA - Langley Field, V.I. 

65 


